BACKGROUND: Assessment of DNA integrity and quantity remains a bottleneck for high-throughput molecular genotyping technologies, including nextgeneration sequencing. In particular, DNA extracted from paraffin-embedded tissues, a major potential source of tumor DNA, varies widely in quality, leading to unpredictable sequencing data. We describe a picoliter droplet-based digital PCR method that enables simultaneous detection of DNA integrity and the quantity of amplifiable DNA.
The assessment of DNA integrity and quantity in a sample remains a bottleneck for different molecular genotyping technologies, including next-generation sequencing. In particular, DNA extracted from formalin-fixed paraffin-embedded (FFPE) 5 tissue samples, a major potential source of tumor DNA (1, 2 ) , is subject to extensive fragmentation and damage that leads to unpredictable data quality (3 ) . DNA quality (or DNA integrity) is a loosely defined metric that describes the size distribution of fragmented DNA and the fraction of DNA that can be amplified by the PCR. DNA isolated from FFPE tissue samples is often highly fragmented and chemically degraded. Alterations occur during tissue collection, the fixation process, and sample storage (4 ) . The fixation process introduces damage by chemically modifying bases, denaturing double-stranded DNA, and cross-linking of cytosine residues (5, 6 ) .
Traditional tools for measuring DNA quantity are UV absorbance, gel electrophoresis, and assays with intercalating dyes. None of these tools measure the amount of amplifiable DNA specifically, and each of these tools has additional limitations (7 ) . UV absorbance does not allow detection of DNA fragment length. Capillary gel electrophoresis permits measurements of the length distributions of DNA fragments but requires a relatively large amount of DNA. Intercalating-dye assays require calibration. The current gold standard for measuring both DNA quality and quantity is to use a quantitative PCR (qPCR) assay. qPCR has a number of drawbacks, however, including the need for assay calibration with calibrators that are similar in quality to the samples being evaluated, which leads to an iterative process or a need for multiple calibration curves (7 ) . Furthermore, qPCR requires running multiple assays to evaluate different DNA lengths within a sample. For this reason, the assays are often designed in a multiplexed format (8 -13 ) , but bulkphase multiplex PCR can be limited by poor compatibility of the multiple assays in the same volume. Finally, measurement of the absolute concentration of amplifiable DNA and the relative distribution of fragment lengths is limited by the imprecision (CV) of any qPCR assay, which is typically 10%-50% (14 -16 ) .
The broad adoption of a pretesting work flow for an alternative sample hinges on 3 factors: The assay should be inexpensive compared with the ultimate genomic analysis, consume a small fraction of the sample, and, finally, be predictive of the quality of the data to be obtained in downstream genomic analyses. Digital PCR (dPCR) enables accurate quantification of amplifiable DNA with only a small amount of sample (i.e., hundreds of copies), and multiple amplicon lengths can be measured simultaneously without requiring a calibrator. This technology relies on compartmentalization of a sample into a large number of discrete volumes containing Ͻ1 copy of template DNA on average (17) (18) (19) , and it addresses the limitations of traditional and qPCR methods (7 ) . After amplification, intercalating dyes, TaqMan probes, or other qPCR probes are used to enhance the fluorescence of target-containing compartments and in the counting of the absolute number of target molecules present in the compartmentalized sample. This approach has been demonstrated with microwell plates (20 ) , bulk emulsion droplets (21 ), microfluidic compartments (22, 23 ) , and nanoliter-or picoliter-scale droplets produced with microfluidics (24 -26 ) .
The recent progress in dPCR technology has included the demonstration of multiplex dPCR for the quantification of Ն5 DNA targets in picoliter droplets (i.e., the number of copies counted) in a single assay (25 ) . In addition to detecting multiple targets simultaneously, using picoliter volumes for dPCR has the major advantage of the ability to quantify targets across a relatively large range of input DNA concentrations (24 ) . Hence, multiplex dPCR using picoliter droplets is well suited for an assay that detects DNA quantity and quality.
We describe the development and application of a multiplex dPCR assay panel to measure the quality of a DNA sample, including the length distribution of DNA fragments and the amount of PCR-amplifiable DNA. This type of assay is valuable for assessing the quantity and integrity of DNA samples before potentially sensitive or precious samples are committed to expensive and/or sample-consuming genome analysis tools, such as sequencing. We applied the procedure to the analysis of 12 DNA samples extracted from FFPE tissues of lung adenocarcinomas. The results of this DNA-quality assay were verified with next-generation sequencing (27 ) of 4 samples that the dPCR assay had assessed as low, medium, or high quality.
Materials and Methods

TUMOR DNA EXTRACTION
Twelve paraffin-embedded tissues from lung adenocarcinomas were obtained from Hotel Dieu Hospital (Paris, France) in accordance with French law. Each tumor block was reviewed by a pathologist (A.L.), and 3 slides of 20-m slices were prepared. Tumor cell content was assessed by hematoxylin-eosin-safran staining. All but 2 samples contained Ͼ60% tumor cells. The remaining 2 samples contained 30% and 40% tumor cells. DNA was extracted with the QIAamp DNA Mini Kit (Qiagen), and DNA concentration was measured with a NanoDrop ND-1000 spectrophotometer (Thermo Scientific).
DNA-QUALITY ASSAY REACTIONS
All primers and TaqMan probes (see Table 1 in the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/vol59/issue5) were designed with the Custom TaqMan Assay Design Tool (Applied Biosystems). We mixed 12. Table 1 in the online Data Supplement), and a minimum of 1 ng target DNA template. The final reaction volume was 25 L.
FRAGMENTED DNA SAMPLES
Using the S2 Adaptive Focused Acoustics S2 instrument (Covaris) and wild-type human genomic DNA (Promega), we fragmented DNA to mean sizes of 170 bp, 230 bp, 290 bp, 370 bp, and 570 bp. We used Nebulizers (Life Technologies) to generate 3000-bp fragmented controls. DNA concentration was measured with a NanoDrop ND-1000 spectrophotometer. Fragmented 100-ng DNA controls were used to assess the specificity of each biomarker in the DNA-quality assay.
SEQUENCE ENRICHMENT AND SEQUENCING
The 4 samples selected for sequencing were tested with TaqMan qPCR probes for KRAS 6 (v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog) and EGFR (epidermal growth factor receptor) mutations, as described previously (28, 29 ) . Three samples contain a mutation in the KRAS gene (G13A, G12V, G12C), and 1 sample has a mutation in the EGFR gene (L858R). We used the Cancer HotSpot Panel sequence-enrichment panel and RDT 1000 instrumentation (RainDance Technologies) for amplifying 676 target regions (127 754 bases) in the template DNA. After sequence enrichment, each of the 4 DNA samples was sequenced with a PGM sequencer (Ion Torrent) and a 318™ Chip (Ambry Genetics).
SEQUENCING DATA ANALYSIS AND MICROFLUIDICS
PROCEDURES
Method details for the sequencing data analysis and microfluidics procedures are provided in the online Data Supplement.
Results and Discussion
CONCEPT OF USING dPCR FOR A DNA-QUALITY ASSAY
We succeeded in developing a multiplex digital microfluidics procedure to generate and analyze picolitervolume droplets. The goal was to measure the quality of a DNA sample, including the length distribution of DNA fragments and the amount of PCR-amplifiable DNA (Fig. 1) . The DNA-quality assay was based on dPCR measurement of amplifiable DNA associated with 4 different amplicons with sizes of 78, 159, 197, and 550 bp, which corresponded to amplicons within the SPINT1 (serine peptidase inhibitor, Kunitz type 1 ), INTS2 (integrator complex subunit 2), MOCS2 (molybdenum cofactor synthesis 2), and PRP8 [PRP8 premRNA processing factor 8 homolog (S. cerevisiae)] genes, respectively (see Table 1 in the online Data Supplement). To overcome the fact that genetic alterations are highly variable from one tumor to another, we chose different markers from different chromosomal arms (INTS2, 17q23.2; SPINT1, 15q15.1; MOCS2, 5q11.2; PRP8, 17p13.3) to avoid systematic errors (gain or loss). An amplification or homozygous deletion that occurred in one of the markers would lead to an incoherent result that would be easily detectable (i.e., am- plification of the 550-bp fragment without amplification of the 197-bp fragment). All reagents, probes, and primers were combined in a multiplex reaction with the sample DNA before droplet formation (Fig. 1A) . Limiting the amount of input DNA, however, ensured that predominantly 1 or 0 target molecules were present within each droplet (25 ) . As we have previously demonstrated, the end point fluorescence intensity can be tuned by the concentration and nature of the TaqMan probe, which enabled the identification and counting of droplets containing each unique amplifiable target.
The amplification (Fig. 1B) of the SPINT1 (78 bp) fragment produced a strong fluorescence signal on the VIC channel (VIC is a proprietary dye) because of the relatively high concentration of the VIC probe specific for the SPINT1 gene, whereas amplification of the MOCS2 (197 bp) sequences yielded a weaker signal on the VIC channel owing to the lower concentration of the VIC probe specific for the MOCS2 gene. Similarly, amplification of the INTS2 (159 bp) sequences yielded a strong fluorescence signal on the FAM (6-carboxyfluorescein) channel because of the higher concentration of the FAM probes specific for the INTS2 gene, whereas amplification of the PRP8 (550 bp) sequences produced a weaker signal on the FAM channel owing to the lower concentration of the FAM probes specific for the PRP8 gene.
When fragmented genomic DNA was analyzed with this multiplex PCR assay, fluorescence signals were due to one of 5 possibilities. In addition to the cluster corresponding to empty droplets (no amplifiable molecule for any of the 4 targeted sequences within the droplet), there were 4 additional clusters that corresponded to the 4 targets appearing in a 2-dimensional histogram (Fig. 1, C and D) . Counting the number of occurrences in each positive cluster revealed that 0.60% of all droplets contained a target fragment (Fig. 1D ). This panel shows that the 4 clusters are well defined and separated for the sample composed of a mean of 3-kb fragments. Moreover, a triplicate of this experiment revealed that the mean (SD) percentages of droplets observed in each cluster (relative to the total number of droplets) were: 0.58% (0.01%) for the 78-bp SPINT1 cluster, 0.50% (0.03%) for the 159-bp INTS2 cluster, 0.57% (0.01%) for the 197-bp MOCS2 cluster, and 0.53% (0.04%) for the 550-bp PRP8 cluster. These values corresponded to the expected representation of each cluster (0.60%) for a sample in which most of the DNA was amplifiable and not highly fragmented or chemically damaged. In these experiments, the use of a limiting dilution of sample DNA ensured single-copy amplification according to defined Poisson criteria, as has previously been described (24 ) . On the assumption that the mass of a haploid genome is equivalent to 3.3 pg, an emulsion of 5-pL droplets prepared from a 25-L sample containing 100 ng of DNA would have a mean DNA "loading" or "occupancy" of 0.006 genome equivalents per droplet (see Supplemental Methods in the online Data Supplement). The equal representation of each cluster demonstrated that each fragment was detected with equal efficiency, thereby indicating the performance of this assay.
EVALUATION OF THE DNA-QUALITY ASSAY
We fragmented DNA control samples by focused ultrasonication to simulate the wide range of fragmentation sizes that could be anticipated for clinical DNA samples and be tested with our assay. We progressively sheared 3-kb genomic DNA to prepare 5 highly fragmented control samples. Fig. 2A shows the distribution of fragment lengths determined by sample analysis with capillary gel electrophoresis. The mean lengths of the 5 samples were: 170 bp, 230 bp, 290 bp, 370 bp, and 570 bp. Fig. 2 , B-F, shows 2-dimensional histograms displaying the results of the DNA-quality assay applied to the control samples. As expected, analysis of the 170-bp sample revealed a highly degraded sample with only the SPINT1 (78 bp) and INTS2 (159 bp) clusters apparent on a histogram. Conversely, when we analyzed a relatively intact DNA target (570 bp), all 4 clusters appeared. Fig. 2G summarizes the length distribution for the amplifiable fragments measured for each of the control samples. Individual data points represent dPCR measurements, and dashed lines indicate the distribution of fragment lengths calculated from the capillary electrophoresis data presented in Fig. 2A . The number of PCR-positive droplets detected for each DNA length reveals the level of amplifiable DNA available across a range of sizes. Fig. 2G shows that the quantitative dPCR measurement of the fraction of amplifiable fragments matched the prediction, which was based only on the size distribution presented in Fig. 2A . The size distributions of amplifiable targets (dashed lines) in Fig. 2G were determined by assuming that fragmentation points are randomly distributed throughout the DNA. The dPCR measurements at each length were consistent with the fractions expected from only the distribution of fragment lengths, confirming that physical shearing of DNA only fragments the DNA and that no chemical degradation occurs. The anticipated benefit of the dPCR DNA-quality assay is that it would reveal the length distribution of amplifiable DNA fragments for samples in which both chemical degradation and physical degradation are factors (e.g., DNA from FFPE samples).
In addition to the criterion of being quantitative over a wide range of integrity levels, a DNA-quality test must be accurate when very small amounts of starting DNA are used, and the measured quality must be independent of input quantity. To demonstrate the feasibility of the assay with very small amounts of sample DNA (as expected in FFPE samples and/or with precious samples), we prepared 4 different amounts (1 ng, 5 ng, 10 ng, 50 ng, and 100 ng) of a control sample fragmented to 370 bp and assessed the preparations with the DNA-quality assay (Fig. 3) . The number of droplets present in each of the 4 different clusters was counted and expressed as the fraction of the expected number of droplets for a nondegraded sample (as determined from the amount of control DNA, as described above). Fig. 3 provides evidence that the measurement of DNA integrity did not depend on the quantity of DNA processed and that the assay yielded a measurement of the length distribution of DNA fragments from an input of 1 ng amplifiable DNA.
EVALUATION OF DNA INTEGRITY FOR PATIENT SAMPLES
We assessed FFPE samples from 12 lung adenocarcinoma tissues with the droplet dPCR assay. The data for all FFPE samples exhibited an increased level of fluorescence not associated with specific cluster locations (i.e., "noise") in the 2-dimensional histograms, compared with the control samples (Fig. 4) . The "noise" in the histograms of patient samples interfered with quantification of the 550-bp assay component. In all cases, however, we were able to estimate that the number of true positives associated with the 550-bp amplicon was very low, because the amplicon amount at the next-largest size (197 bp) was very small.
The FFPE samples have 0.05% to 10.1% (mean values from 2 experiments, Fig. 5 ) of the expected amount of amplifiable DNA for the 78-bp target. The expected amount of amplifiable DNA was given by the theoretical occupancy in each cluster calculated from the quantity of input DNA (Table 1) . Of the 12 samples, 2 had no or very little DNA detectable with the 159-bp and 197-bp assays. These results indicated that these samples (i.e., 8 and 12) were highly fragmented and/or chemically damaged. For these 2 samples, the fraction of droplets in the 78-bp cluster was also the lowest, with 0.05% and 0.95% of the expected number of droplets (calculated by assuming a nondegraded Human genomic DNA fragmented to a mean size of 400 bp and different quantities of the DNA test sample as analyzed with the multiplex dPCR-quality assay.
Quantitative Assessment of DNA Integrity in Droplets sample). Moreover, in addition to these samples, 6 others presented no droplets in the 550-bp cluster for at least one of the replicate experiments (samples 2, 4, 5, 6, 7, and 10). For the remaining samples, 0.2%-0.45% of the expected number of droplets were detected in the 550-bp cluster (samples 1, 3, 9, and 11). The samples in this study were ranked as poor, medium, or high quality on the basis of the amount of positive droplets in the 78-, 159-, and 550-bp clusters. Poor-quality samples were characterized by an absence of amplifiable fragments longer than 78 bp, medium-quality samples had amplifiable fragments in the 78-bp and 159-bp clusters, and high-quality samples were determined by the presence of amplifiable DNA of 550 bp in both replicate experiments. The high-quality samples were samples 1, 3, 9, and 11. The medium-quality samples were samples 2, 4, 5, 6, 7, and 10. The 2 remaining samples (8 and 12) were of poor quality. The designation of sample quality was used to organize and downselect samples for sequencing analysis. At this stage, the thresholds were not intended to be universal metrics for samples other than those examined in this study.
SEQUENCING OF FFPE SAMPLES
Four samples (samples 6, 8, 9, and 11) analyzed with the DNA-quality assay were further analyzed by targeted resequencing. These samples were selected according to the quantity of amplifiable 78-bp DNA, as well as the presence of amplifiable 550-bp DNA. One sample with low-quality DNA relative to almost all of the other samples (sample 8), 1 sample of medium quality (sample 6), and 2 samples of relatively high quality (samples 9 and 11) were selected for sequence enrichment and next-generation sequencing (Table 1 , boldface text).
The samples chosen were analyzed by NanoDrop UV spectrophotometry and agarose gel electrophoresis to estimate the total DNA quantity and its fragmentation (see Fig. 1 and Table 2 in the online Data Supplement). These classic analytical procedures indicated a quantity and quality of DNA sufficient to proceed to sequencing.
We assessed the quality of the sequencing data by 4 metrics (see data in Tables 3, 4 , and 5 in the online Data Supplement). The first metric is the base coverage of "C20," indicating the percentage of bases in the targeted regions with Ն20 reads. The second is the uniformity, which is the percentage of bases in the targeted regions with Ͼ20% sequencing reads, compared with the mean number of reads for all targeted bases. The last metrics are related to the number of detected falsepositive signals for single-nucleotide polymorphisms (SNPs), which was determined by counting the detected sequence variants that are unknown in the dbSNP132 or Cosmic v.55 databases (see Supplemental Methods in the online Data Supplement). The total number of false-positive SNPs and the frequency at which each SNP was detected were used to calculate a cumulative false-positive SNP score. Although this parameter is expressed in arbitrary units, it is a single value that can be compared across samples to report the quality of the sequencing data to ensure accurate SNP calling.
Among the 4 sequenced samples (see Fig. 5 ), sample 11 yielded the highest-quality data with the highest level of coverage and uniformity, along with the lowest frequency of unknown variants. Sample 9 yielded moderate-quality sequence data according to all metrics, and sample 6 yielded relatively poor-quality sequencing data.. Finally, the sequencing for sample 8 failed because of unsuccessful preparation of the sequencing library. This failure is consistent with insufficient amplifiable DNA, which is indicated by the results of the quality assay, although other reasons for failed preparation of a sequencing library are possible. In all cases, the quality of the sequencing data correlated directly with DNA quality as measured by dPCR. Furthermore, use of the DNA-quality assay before sequencing could provide an opportunity to increase the amount of input DNA if necessary without wasting precious samples. For example, the DNA-quality assay revealed that samples 6, 8, and 9 contained 3.25%, 0.95%, and 4.8%, respectively, of the amplifiable copies of DNA with a length of 78 bp (mean of 2 values obtained from 2 separate experiments; Table 1 ). What may be of more importance to genomics researchers, however, is the high number of low-prevalence mutations found in sequencing reads of low-quality samples. Information regarding sample quality may be an important factor when it is used to exclude samples from further analysis, if it confirms that chemical damage, impurities, or other factors that cannot be overcome by increasing the starting amount of DNA will produce misleading and ambiguous sequencing results.
For the 3 samples that were successfully sequenced, the KRAS and EGFR mutations previously characterized by allelic discrimination were correctly identified by sequencing [see Supplemental Methods (for the analysis and complementary data) and Table 6 in the online Data Supplement].
In summary, we have presented a dPCR procedure that uses droplet microfluidics technology for evaluating DNA quality in biological samples. We used a multiplex assay to measure the amount of amplifiable DNA with 4 target lengths (78, 159, 197 , and 550 bp) that are relevant for genotyping analysis. We validated the procedure with artificially fragmented human genomic DNA to mimic different levels of sample degradation. Moreover, we used this procedure to analyze FFPE samples of lung adenocarcinoma tumor tissues and correlated the sequencing results for a subset of samples for DNAquality assessment. The assay procedure is simple, and no calibration is required. It also requires a small amount of input DNA but is robust within a range of input DNA concentrations. This is particularly important for FFPE samples that contain a wide range of amplifiable material. Future development of the DNA-quality assay should focus on the selection and optimization of fragment targets for universal use or for study-specific purposes. In addition, determination of universal thresholds and validation of the dPCR procedure for predicting the quality of sequencing data should be executed with substantially larger sample populations. Combined with screening for tumor markers in patient plasma samples (30 ) , an assay for DNA integrity might also be valuable as a cancer biomarker (31 ) for diagnostics and patient follow-up.
